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CROSS REFERENCE TO RELATED APPLICATIONS 

The present application claims the benefits under 35 U.S.C. §1 19(e) of U.S. Provisional 
Application No. 60/394,509 filed July 8, 2002, titled ESTIMATING EVAPORATOR 
AIRFLOW IN VAPOR COMPRESSION CYCLE EQUIPMENT in the name of Todd M. Rossi, 
Jonathan D. Douglas and Marcus V. A. Bianchi. 

U.S. Provisional AppUcation No. 60/394,509, filed July 8, 2002, is hereby incorporated 
by reference as if fiiUy set forth herein. 

FIELD OF THE INVENTION 

The present invention generally relates to the science of psychrometry and to heating, 
ventilating, air conditioning, and refiigeration (HVAC&R). More specifically, the invention 
relates to the use of psychrometric measurements, refiigerant temperature and pressure 
measurements in association with compressor performance equations to calculate the airflow rate 
through an evaporator in cooling equipment running a vapor compression cycle. 

BACKGROUND OF THE INVENTION 

The most common technology used in HVAC&R systems is the vapor compression cycle 
(often referred to as the refiigeration cycle). Four major components (compressor, condenser, 
expansion device, and evaporator) connected together via a conduit (preferably copper tubing) to 
form a closed loop system perform the primary functions, which form the vapor compression 
cycle. 

The airflow rate across the evaporator of air conditioners may be affected by different 
factors. For example, problems such as undersized ducts, dirty fiUers, or a dirty evaporator coil 
cause low airflow. Low evaporator airflow reduces the capacity and efficiency of the air 



2 



EXPRESS MAIL # EU887664422US 



ATTY. DOCKET: FDS-PlO.l-US 



conditioner and may, in extreme cases, risk freezing the evaporator coil, which could lead to 
compressor failure due to liquid refrigerant floodback. On the other hand, if the airflow is too 
high, the evaporator coil will not be able to do an adequate job of dehumidification, resulting in 
lack of comfort. 

Airflow rate can be determined from capacity measurements. Capacity measurements of 
an HVAC system can be relatively complex; they require the knowledge of the mass flow rate 
and enthalpies in either side of the heat exchanger's streams (refrigerant or secondary fluid - air 
or brine - side). To date, mass flow rate measurements in either side are either expensive or 
inaccurate. Moreover, capacity measwements and calculations are usually beyond what can be 
reasonably expected by a busy HVAC service technician on a regular basis. 

The method of the invention disclosed herewith provides means for determination of both 
the mass airflow rate and the volvime airflow rates through the evaporator in cooling equipment. 
Suction temperature, suction pressure, liquid temperature, and hquid (or, aUemately, discharge) 
pressure, all measurements taken on the refrigerant circuit in a vapor compression cycle and the 
psychrometric conditions (temperature and humidity) of the air entering and leaving the cooling 
coil are the only data required for such determination. Most of these measurements are needed 
for standard cycle diagnostics and troubleshooting. 

SUMMARY OF THE INVENTION 

The present invention includes a method for determining evaporator airflow in cooling 
equipment by measuring four refrigerant parameters and the psychrometric conditions 
(temperature and humidity) entering and leaving the evaporator coils. 
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The present invention is intended for use with any manufacturer's HVAC&R equipment. 
The present invention, when implemented in hardware/firmware, is relatively inexpensive and 
does not strongly depend on the skill or abilities of a particular service technician. Therefore, 
uniformity of service can be achieved by utilizing the present invention, but more importantly the 
quality of the service provided by the technician can be improved. 

The method of the invention disclosed herewith provides means for determination of both 
the mass and the volumetric airflow rate over the evaporator coils. The psychrometric conditions 
of the air entering and leaving the evaporator coil are needed, in addition to temperature and 
pressure measurements on the refrigerant side of the cycle. These pressure measurements are 
usually made by service technicians with a set of gauges, while the temperatures are commonly 
riieasured with a multi-channel digital thermometer. 

The present process includes the step of measuring liquid line pressure (or discharge 
line), suction line pressure, suction line temperature, and liquid Une temperature. After these 
four measurements are taken, the suction dew point and discharge dew point temperatures 
(evaporating and condensing temperatures for refrigerants without a glide) from the suction line 
and liquid line pressures as well as the refrigerant enthalpies entering and leaving the evaporator 
must be obtained. Next, the suction line superheat, the mass flow rate that corresponds to the 
compressor in the vapor compression cycle for the dew point temperatures and suction line 
superheat must be obtained. The capacity of the vapor compression cycle from the refrigerant 
mass flow rate and the enthalpies across the evaporator can now be calculated. The 
psychrometric conditions of the air entering and leaving the evaporator are measured. The 
airflow rate in the evaporator can be calculated. 
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The accompanying drawings, which are incorporated in, and form a part of, the 
specification, illustrate the embodiments of the present invention and, together with the 
description, serve to explain the principles of the invention. For the purpose of illustrating the 
present invention, the drawings show embodiments that are presently preferred; however, the 
present invention is not limited to the precise arrangements and instrumentalities shown in the 
specification. 

In the drawings: 

Figure 1 is a block diagram of a conventional vapor compression cycle; and 
Figure 2 is a schematic diagram of an evaporator 40 in an air duct. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

In describing preferred embodiments of the invention, specific terminology has been 
selected for clarity. However, the invention is not intended to be limited to the specific terms so 
selected, and it is to be tmderstood that each specific term includes all technical equivalents that 
operate in a similar manner to accomplish a similar purpose. 

The vapor compression cycle is the principle upon which conventional air conditioning 
systems, heat pxmips, and refiigeration systems are able to cool (or heat, for heat pumps) and 
dehumidify air in a defined volume (e.g., a living space, an interior of a vehicle, a fireezer, etc.). 
The vapor-compression cycle is made possible because the refiigerant is a fluid that exhibits 
specific properties when it is placed under varying pressures and temperatures. 

A typical vapor compression cycle system 100 is illustrated in Figure 1. The system is a 
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closed loop system and includes a compressor 10, a condenser 12, an expansion device 14 and an 
evaporator 16. The various components are connected via a conduit (usually copper tubing). A 
refrigerant continuously circulates through the four components via the conduit and will change 
state, as defined by its properties such as temperature and pressure, while flowing through each 
of the four components. 

The main operations of a vapor compression cycle are compression of the refrigerant by 
the compressor 10, heat rejection by the refrigerant in the condenser 12, throttling of the 
refrigerant in the expansion device 14, and heat absorption by the refrigerant in the evaporator 
16. Refrigerant in the majority of heat exchangers is a two-phase vapor-liquid mixture at the 
required condensing and evaporating temperatures and pressures. Some common types of 
refrigerant include R-22, R-134A, and R-410A. 

In the vapor compression cycle, the refrigerant noniinally enters the compressor 10 as a 
slightly superheated vapor (its temperature is greater than the saturated temperature at the local 
pressure) and is compressed to a higher pressure. The compressor 10 includes a motor (usually 
an electric motor) and provides the energy to create a pressure difference between the suction line 
and the discharge line and to force the refrigerant to flow from the lower to the higher pressure. 
The pressure and temperature of the refrigerant increases during the compression step. The 
pressure of the refrigerant as it enters the compressor is referred to as the suction pressure and the 
pressure of the refrigerant as it leaves the compressor is referred to as the head or discharge 
pressure. The refrigerant leaves the compressor as highly superheated vapor and enters the 
condenser 12. 
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Continuing to refer to Figure 1, a "typical" air-cooled condenser 12 comprises single or 
parallel conduits formed into a serpentine-like shape so that a plurality of rows of conduit is 
formed parallel to each other. Although the present document makes reference to air-cooled 
condensers, the invention also applies to other types of condensers (for example, water-cooled). 

Metal fins or other aids are usually attached to the outer surface of the serpentine-shaped 
conduit in order to increase the transfer of heat between the refrigerant passing through the 
condenser and the ambient air. A fan mounted proximate the condenser for blowing outdoor 
ambient air through the rows of conduit also increase the transfer of heat. 

As refrigerant enters a "typical" condenser, the superheated vapor first becomes saturated 
vapor in the first section of the condenser, and the saturated vapor undergoes a phase change in 
the remainder of the condenser at approximately constant pressure. Heat is rejected from the 
refrigerant as it passes through the condenser and the refrigerant nominally exits the condenser as 
sUghtly siibcooled Uquid (its temperature is lower than the saturated temperature at the local 
pressure). 

The expansion (or metering) device 14 reduces the pressure of the liquid refrigerant 
thereby turning it into a saturated liquid- vapor mixture at a lower temperature, before the 
refrigerant enters the evaporator 16. This expansion is also referred as the throttling process. 
The expansion device is typically a capillary tube or fixed orifice in small capacity or low-cost air 
conditioning systems, and a thermal expansion valve (TXV or TEV) or electronic expansion 
valve (EXV) in larger units. The TXV has a temperature-sensing bulb on the suction line. It uses 
that temperature information along with the pressure of the refngerant in the evaporator to 
modulate (open and close) the valve to try to maintain proper compressor inlet conditions. The 
temperature of the refrigerant drops below the temperature of the indoor ambient air as the 
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refrigerant passes through the expansion device. The refrigerant enters the evaporator 16 as a 
low quality saturated mixture. ("Qualit/* is defined as the mass fraction of vapor in the liquid- 
vapor mixture.) . 

A direct expansion evaporator 16 physically resembles the serpentine-shaped conduit of 
the condenser 12. Ideally, the refrigerant completely boils by absorbing energy from the defined 
volume to be cooled (e.g., the interior of a refrigerator). In order to absorb heat from this volume 
of air, the temperature of the refrigerant must be lower than that of the volume to be cooled. 
Nominally, the refrigerant leaves the evaporator as slightly superheated gas at the suction 
pressure of the compressor and reenters the compressor thereby completing the vapor 
compression cycle. (It should be noted that the condenser 12 and the evaporator 16 are types of 
heat exchangers and are sometimes referred to as such in the text.) 

Although not shown in Figure 1, a fan driven by an electric motor is usually positioned 
next to the evaporator 16; a separate fan/motor combination is also usually positioned next to the 
condenser 12. The fan/motor combinations increase the airflow over their respective evaporator 
or condenser coils, thereby enhancing the heat transfer. For the, the heat transfer is from the 
indoor ambient volume to the refrigerant flowing through the evaporator; for the condenser, the 
heat transfer is from the refrigerant flowing through the condenser to the outside air. 

The airflow about to enter the evaporator 16 is generally indicated by arrow 48 and the 
airflow exiting the evaporator is generally indicated by arrow 50. 

Finally, -although not shown in Figure 1 , there is a control system that allows users to 
operate and adjust the desired temperature within the indoor ambient volume. The most basic 
control system for an air conditioning system comprises a low voltage thermostat that is mounted 
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on a wall inside the ambient volume, and relays that are connected to the thermostat which 
control the electric current delivered to the compressor and fan motors. When the temperature in 
the ambient volume rises above a predetermined value on the thermostat, a switch closes in the 
thermostat, forcing the relays to close, thereby making contact, and allowing current to flow 
through the compressor and the motors of the fan/motors combinations. When the vapor 
compression cycle has cooled the air in the indoor ambient volume below the predetemiined 
value set on the thermostat, the switch opens thereby causing the relays to open and turning off 
the current through the compressor and the motors of the fan/motor combination. 

Referring again to Figure 1, the important states of a vapor compression cycle may be 
described as follows: 

State 1 : Refrigerant leaving the evaporator and entering the compressor. (The 
tubing connecting the evaporator to the compressor is called the suction 
linelS.) 

State 2: Refrigerant leaving the compressor and entering the condenser (The tubing 
connecting the compressor to the condenser is called the discharge or hot 
gas line 20). 

State 3: Refrigerant leaving the condenser and entering the expansion device. (The 
tubing connecting the condenser and the expansion device is called the 
liquid line 22). 

State 4: Refrigerant leaving the expansion device and entering tiie evaporator 
(connected by tubing 24). 



The numbers (1 through 4) are used as subscripts in this document to indicate that a property is 
evaluated at one of the states above. 
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Referring now to Fig. 2, there is an evaporator coil 40 installed in a duct 42. Refrigerant 
inlet 44 and refrigerant outlet 46 are provided for supplying cold refrigerant to the evaporator. At 
the air inlet (return air), means for measuring the psychrometric conditions of the air 48 about to 
enter the evaporator are provided. At the air outlet (supply air), means for measuring the 
psychrometric conditions of the air 50 leaving the evaporator are also provided. 

In the present invention, the four measurements on the refrigerant side are: 

ST- refrigerant temperature in the suction line or suction temperature (state 1), 
SP - refrigerant pressure in the suction line or suction pressure (state 1), 
LT- refrigerant temperatiue in the liquid line or liquid temperature (state 3), and 
LP - refrigerant pressure in the liquid line or liquid pressure (state 3). 

Alternately, the discharge pressure may be measured instead of the liquid pressure (state 2). In 
the air side, the following are needed: 

RA - retum air dry-bulb temperature, 
fFB ^ return air wet-bulb temperature, 

SA- supply air dry-bulb temperature, and 

&4 f^B - supply air wet^bulb temperature. 

The locations of the sensors are shown in the schematic diagram of Figure 1. Note that AMB is 
the outdoor ambient air temperature before going through the condenser 12. 

Although a primary embodiment requires dry-bulb and wet-bulb temperatures, altemative 
ways to determine the retum and supply air stream psychrometric conditions, such as relative 
humidity or enthalpy, may also be used. 
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Various gauges and sensors are known in the art that are capable of making the 
measurements. Service technicians universally carry such gauges and sensors with them when 
servicing a system. Also, those in the art will understand that some of the measurements can be 
substituted. For example, the saturation temperature in the evaporator and the saturation 
temperature in the condenser can be measured directly with temperature sensors to replace 
thesuction pressure and liquid pressure measurements, respectively. In a preferred embodiment, 
the above-mentioned measurements are taken. 

The method consists of the following steps: 

A. Measure the liquid and suction pressures {LP and SPy respectively); measure the 
liquid and suction line temperatures (LJand ST, respectively). Also determine the 
air enthalpy entering and leaving the evaporator coil by measuring the retum air 
dry-bulb temperature {RA) and retum air wet-bulb temperature {RAWB\ the 
supply air dry-bulb temperature {SA) and the supply air wet-bulb temperature 
{SAWS). These measurements are all common field measurements that any 
HVACR technician makes using currently available equipment (e.g., gauges, 
transducers, thermistors, thermometers, sling psychrometer, etc.). Use the 
discharge line access port to measure the discharge pressure DP when the Hquid 
line access port is not available. Even though the pressxire drop across the 
condenser 12 results in an overestimate of subcooling, assume LP is equal to DP, 
Or use data provided by the manufacturer to estimate the pressure drop and 
detemiine the actual value of LP. 



B. Compressor manufacturers make available compressor performance data 

(compressor maps) in a polynomial format based on Standard 540-1999 created 
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by the Air-Conditioning and Refrigeration Institute (ARI) for each compressor 
they manufacture. ARI develops and publishes technical standards for industry 
products, including compressors. The data provided by the standard includes 
power consumption, mass flow rate, current draw, and compressor efficiency. 

EstabUsh that the compressor 10 is operating properly. Use the standard ARI 
equation to obtain the compressor's design refrigerant mass flow rate (rh^^) as a 

function of its suction dew point temperature (SDT) and discharge dew point 
temperature {DDT). The dew point temperature is determined directly from the 
suction refrigerant pressure {SP) and the Uquid pressure {LP\ from the saturation 
pressure-temperature relationship. Assume that the presswe drop in the liquid 
line and condenser is small such that LP is practically the compressor discharge 
pressure, if the discharge pressure {DP) is not being measured. 

It will be clear to those skilled in the art, after reading this disclosure, that other 
equation forms or a look-up table of the compressor performance data may be 
used instead of the ARI format. 

Identify the compressor used in the equipment under analysis to determine the set 
of coefficients to be used. When the coefficients are not available for the specific 
compressor used, it is usually acceptable to select a set of coefficients for a similar 
compressor. It is suggested that the similar compressor be of the same technology 
as the compressor in the HVAC system being tested and of similar capacity. 
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ARI equations are available for different compressors, both from ARI and from 
the compressor manufacturers. The equations are polynomials of the following 
form 

3 6 

=aQ-hY,a,SDr +Y,a.DDr-^ -^ay SDT DDT + a^SDT DDT^ +a^SDT^DDT (1) 

/=1 /=4 

where the coefficients a, (/=0 to 9) are provided for the compressor and are 
provided by the manufacturer according to ARI Standard 540-1999. The suction 
dew point and discharge dew point temperatures in equation (1) can be in either 
°F or °C, using the corresponding set of coefficients. The mass flow rate 
calculated is in kg/s. 

For refrigerants that do not present a glide, the suction dew point and the suction 
bubble point temperatures are exactly the same. In the present document it will be 
called evaporating temperature (ET), The same is true for the discharge dew point 
and the discharge bubble point temperatures, in which case it will be called 
condensing temperature (CT). 

Compressoi- performance equations, such as equation (1), are usually defined for a 
specific suction line superheat (5//map), typically 20°F. ARI Standard 540-1999 
tabulates the suction line superheat and it is equal to 20°F (for air-conditioning 
applications). Under actual operating conditions, however, the suction line 
superheat may be different than the specified value, depending on the working 
conditions of the refiigeration cycle. ARI Standard 540-1999 requires that 
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superheat correction values be available when the superheat is other than that 
specified. 



If the ARI standard superheat corrections are not available, the mass flow rate is 
corrected using the actual suction line temperature (ST), First, evaluate the 
suction line design temperature, STrnap as 

STmap ~ ET + SHmzp (2) 

Assuming that the compressibility of the gas remains constant, the refiigerant 
density is inversely proportional to the temperature at the suction pressure. Thus, 
one may write 

57' 

(3) 

where the temperatures must be in an absolute scale (either Kelvin or Rankine). 

Use the liquid line temperature (LT) and high side pressure (LP) to determine the 
liquid line subcooling (SC) as 

SC=CT'LT (4) 
If SC is greater than 0, then estimate the liquid line refiigerant specific enthalpy 
(hs) using the well-known properties of single-phase subcooled refiigerant 

hs^h(LZLP). (5) 

If the refiigerant leaves the condenser as a two-phase mixture, there is no liquid 
line subcooling, and pressure and temperature are not independent properties, so 
they cannot define the enthalpy. Some other property must be known, such as the 
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quality, x^y to determine the enthalpy at state 3. Since this is difficult, a method 
for estimating hs that is easy to evaluate is derived. An energy balance over the 
area of the condenser coil where a two-phase flow exists leads to 

mihg-h^) = UACTA, (6) 

where hg is the saturated vapor enthalpy at the Uquid pressure, U is the average 
(over the length) overall heat transfer coefficient, A is the heat exchanger area 
where two-phase flow exists, and CTA is the difference between the condensing 
temperature and the outdoor ambient air temperature (AMB) that must be 
measured. (See Figure 1 .) Defining A/ as the saturated liquid enthalpy at the 
liquid pressure, equation (6) applies when h]<hs<hg (i.e., when a mixture exits the 
condenser), which may happen when the unit is severely undercharged. 

For a unit operating in nominal conditions, the refrigerant is a saturated liquid at 
the end of the two-phase region of the condenser and the same energy balance 
reads 

Khf,^n-U„A^CTA^, (7) 

where hfg^n is the latent heat of vaporization at the liquid pressure. From equations 
(6) and (7), one may write 

' mU.A, CTA, ^ ' 

n n n 

If all the variables in equation (8) are known, the enthalpy of the mixture at state 3 
can be calculated. 
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The mass flow rate, the average overall heat transfer coefficient and the area of 
the heat exchanger where a two-phase mixture exists all vary with the operating 
conditions of the cycle. Unfortunately, the average overall heat transfer 
coefficient and the area of the heat exchanger where two-phase flow exists are 
difficult to obtain. As an approximation, consider that the product UAIm does 
not vary significantly. In that case, the enthalpy of the mixture at the exit of the 
condenser is 

Equation (9) is an approximate solution to determine hs when the refiigerant 
leaves the condenser as a two-phase mixture (i.e., liquid- vapor mixture). 



The value of CTAn depends on the nominal EER of the equipment. A suggested 
value, based on a IQ-EER unit, is 20°F. 



D. Use the suction line temperature {ST) and pressure (SP) to determine the suction 
line 18 superheat {SH) 

SH^ ST'ET (10) 
If 57/is greater than 0, then estimate the suction line refiigerant specific enthalpy 
(Ai) using the well-known properties of single-phase superheated refiigerant 

hx =h(ST,SP) (11) 
If there is no suction line superheat, pressure and temperature are not independent 
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properties, so they cannot define the enthalpy. Some other property must be 
known, such as the quality, to determine the enthalpy at state 1. However, it is 
important to note that the system should not operate with liquid entering the 
compressor, because this may cause a premature failure leading to a compressor 
replacement. 

E. Assume there is no enthalpy drop across the expansion device, i.e.. 



Estimate capacity (Q) using the estimates of mass flow rate ( m ), the liquid line 
specific enthalpy (/i4), and the suction line specific enthalpy (h\) as 



F. Determine the enthalpies of the retum and supply air from the dry-bulb and wet- 
bulb temperatures. There are different ways that the enthalpies of the humid air 
can be determined. For example, a psychrometric chart can be used. In the 
preferred embodiment, the following equations (14-17) are used (ASHRAE 
Handbook, Fundamentals, Chapter 6), where Tis the dry-bulb temperature (either 
RA or SA) and T^b is the wet-bulb temperature (either RAWB or SAWB). 

The saturation pressure over water for the temperature range of 0 to 200*'C is 
given by 



h4 - hs 



(12) 



Q = m(h,-hJ 



(13) 
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/'«.(^H*) = exp 



2 3 ^ 



, (14) 



where the values of the coefficients Cg through C13 are -5.8002206E+03, 
1.3914993E+00, -4.8640239E-02, 4.1764768E-05, -1.4452093E-08, and 
6.5459673E+00, respectively. The temperatures in equation (14) are in K, while 
the calculated pressure is in pascal (Pa). 

The humidity ratio corresponding to saturation at the wet-bulb temperature can be 
calculated as 

)r,(r^) = 0.62198 (15) 

P-Pws(.^wb) 

where p is the stream pressure. 



The humidity ratio of the humid air is 

_ (2501 - 2.38 ir,, (T^ )-(T-T^) 

2501 + 1.805r-4.186r^ ' ^ ^ 

where the temperatures are in °C. The humidity ratio calculated is in kg of 
water per kg of dry air. 



The enthalpy of the air stream can be calculated as 

h = 1.0067 + ^^(2501 + 1.8057) , (17) 

where h is in kJ/kg. 



Please note that equations (14) through (17) have to be employed twice: once for 
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return air, and again for supply air, obtaining and Asa, respectively. 

From an energy balance across the evaporator coil, the mass flow rate of air can 
be calculated as 

The specific volume of moist air is calculated as 

V = 0.287 1(1 + 1 .6078^^)7 /p, (19) 

where W, T, and p are the humidity ratio (kg of water per kg of dry air), dry-bulb 
temperature (K), and pressure (kPa) at either the return or supply air stream, 
depending if the airflow is being calculated before or after the evaporator coil. 
The specific volume is in m^/kg. 

The volumetric flow rate of air is calculated as 

F = v/w, (20) 
where the volumetric flow rate is in mVs. 

The volumetric flow rate per nominal cooling capacity can be calculated as 

V 

<P = — — . (21) 
^ NCAP ^ ^ 

This parameter is particularly useful as technicians are trained to expect an airflow rate of about 
400 ftVmin/ton, when (p is calculated using the volumetric flow rate V in CFM (fl^/min) and the 
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nominal capacity NCAP in tons. ("Ton" refers to the cooling capacity of the refrigeration unit 
where one ton equals 12,000 Btu per hour.) 

Since it takes into account the change in capacity as the driving conditions change and 
how well the unit is maintained, the present invention is preferable to the traditional method of 
using the temperature split across the evaporator to evaluate airflow. 

The present invention was described in connection with a refrigerator or air conditioning 
system. It will be apparent to one skilled in the art, after reading the present specification, that 
the above methods may be adapted for use in connection with a heat pump. 

Although this invention has been described and illustrated by reference to specific 
embodiments, it will be apparent to those skilled in the art that various changes and 
modifications may be made which clearly fall within the scope of this invention. The present 
invention is intended to be protected broadly within the spirit and scope of the appended claims. 

4s 3|c * * 
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